Abstract
Introduction

23
Agriculture, as a non-point source polluter, is one of the most important sources of water 
SWMS-2D
125
The 2D water and solute transport model SWMS-2D was applied to the simulation of water The following objective function was used to minimize nitrate losses in alternate and 163 conventional furrow fertigation: 164 ro dp
where OF (g) is the objective function; M di (g) and M ri (g) are nitrate mass in deep 166 percolation and runoff, respectively; T (min) and T co (min) are irrigation interval and cutoff 167 time, respectively; M dp (g) and M ro (g) are total nitrate mass in deep percolation and runoff, 
Decision variables and constraints
171
According to Zerihun et al. (1996) , inflow discharge, cutoff time, infiltration parameters 172 and furrow geometry and slope have a significant effect on the production of runoff and 173 deep percolation. In this study, inflow discharge and cutoff time were chosen as the 174 irrigation decision variables to be optimized. It is quite simple for farmers to modify these 175 variables, as compared to modifying soil characteristics and field geometry. Furthermore, 176 studies by Sanchez and Zerihun (2002) and Smith et al. (2007) 
232
This transformation process from one generation to the next continues until the population 233 converges to the optimal solution.
234
The Carroll FORTRAN GA (Carroll 1996 ) is a computer simulation of such evolution
235
where the user provides the environment (function) in which the population must evolve.
236
This software release includes conventional GA concepts in addition to jump/creep "tournament selection", with a shuffling technique for randomly selecting pairs for mating. 
where n is the Manning roughness coefficient (m
); S 0 is the furrow slope; τ req is the net 267 opportunity time for target application depth (min); t l is the advance time (min); and I is the 268 infiltration rate (m/min). The initial value for t de is assumed to be equal to t r . t l is 269 determined solving the implicit water balance equation using the Newton-Raphson method:
where t x is the time for advancing water to distance x from the furrow inlet (min); σ y and σ z 272 are the surface and subsurface shape factors, respectively, and r is the exponent of the 
Generating input files for SWMS-2D
275
The SWMS-2D model needs three input files for simulating water flow and solute 276 transport: "selector.in", "grid.in" and "atmosph.in". The "selector.in" file contains the soil 277 water retention curve, the number of soil layers, plant uptake and solute transport 
Water and nitrate losses in deep percolation
291
The average value of water and nitrate losses to deep percolation along the furrow was used 292 for calculating the objective function. This subprogram used SWMS-2D output. The 293 average nitrate mass in deep percolation per unit length (M) was calculated as follows: set of decision variables must satisfy all constraints while minimizing nitrate losses.
303
The flowchart of the simulation-optimization model is presented in Fig. 2 . First, the initial 304 population (containing values of the decision variables for each individual) is generated. Six model runs were performed (three irrigation treatments times two fertigation events). 
Estimating furrow infiltration
366
The parameters of a Kostiakov-Lewis infiltration equation were separately estimated for all 367 irrigation treatments in each fertigation event using the two-point method (Elliott and
368
Walker 1982). These parameters were used to calibrate the surface fertigation model.
369
Accuracy in the determination of advance data and basic infiltration rate (steady-infiltration magnitudes is crucial to the success of the proposed modeling scheme, since infiltration is 397 the process connecting both simulation models.
398
Nitrate leaching was determined in the experimental furrows taking into consideration a 399 rootzone of 0.60 m and a leaching time of 7 days. This time is equivalent to the 400 experimental irrigation interval.
Results and discussions 403
3.1. Field study 404 The values of the objective function were calculated using the results of the combined 405 simulation models (without the optimization process) applied to all irrigation treatments 406 and using the experimental values of the decision variables ( respectively. Differences between alternate furrow treatments were not relevant.
443
The field study and the simulation results agree in that the wet furrow bottom received and 58 %, respectively. Optimization seems to be very important to control nitrate losses.
479
The relevance of these improvements is magnified by the fact that in alternate furrows the 480 effective irrigated area per furrow is double than in conventional furrows.
481
In the optimum conditions the coefficient of uniformity for water (CU w ) was higher than
482
CU n , while nitrate efficiency (E n ) was larger than water efficiency (E w ) for all cases. The generational evolution of the objective function and water and nitrate application 492 efficiency is presented in Fig. 3 for all irrigation treatments and for both fertigation events.
493
The simulation-optimization model showed adequate convergence in all cases (e.g. after 13 The objective function (nitrate losses) and nitrate efficiency showed clear evolutive trends 501 (Fig. 3) . However, water application efficiency showed a more erratic pattern during the 502 first generations. This seems to be due to the initial values of inflow discharge and cutoff 503 time. After a few generations, water efficiency increased with increasing generations in a 504 pattern similar to nitrate efficiency.
505
The model identified optimum decision variables that minimized not only nitrate losses, 506 but also water losses. This is partly due to the high solubility of nitrate in water. As a 507 consequence, nitrate transport highly depends on water flow. The optimum design of 508 nitrate fertigation led to a suboptimal solution from the viewpoint of reducing water losses.
509
When the model was used to maximize irrigation application efficiency in the experimental 510 problem, using discharge and time of cutoff as decision variables, the efficiency of the AFI, (Table 4) . Although the values of the objective function were larger than those obtained in the previous run (Table 3) , the model could successfully decrease nitrate losses.
537
The average reduction respect to the experimental conditions was 50 %. The optimum inappropriate experimental inflow discharge. Both Zerihun et al. (1996) and Navabian et al.
543
(2010) reported that inflow discharge was the most important parameter conditioning 544 furrow irrigation system performance. (OF=w.M dp +M ro ). The simulation-optimization model was run for the FFI treatment in the 552 second fertigation event for w=1, 3 and 5 ( make the "grid.in" file for the SWMS-2D model. Table 2 . The values of the objective function and the outputs of the simulation models for field 698 condition 699 Table 3 . Minimum objective function, optimum decision variables and the outputs of the simulation 700 models 701 Table 4 . Minimum objective function, optimum decision variables and the outputs of the simulation 702 models with fixing inflow discharge and cutoff time 703 Figures   Fig. 1 a) layout of the furrow irrigation treatments, b) boundary conditions used in SWMS-2D for conventional and alternate furrow irrigation treatments. 
